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HIGHLIGHTS 


•  High-purity  LiVP04F  nanosheets  were  prepared  for  the  first  time. 

•  Each  LiVP04F  nanosheet  had  a  typical  thickness  of  50-100  nm. 

•  Each  LiVP04F  nanosheet  had  a  uniform  carbon  coating. 

•  LiVP04F  nanosheets  deliver  an  excellent  electrochemical  performance. 
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Lithium  vanadium  fluorophosphate  (LiVP04F/C)  nanosheets  with  uniform  carbon  coating  are  successfully 
synthesized  using  a  hydrothermal  method  followed  by  calcination.  X-ray  diffraction  results  reveal  that 
the  obtained  products  crystallized  in  the  triclinic  LiVP04F  phase.  Scanning  electron  microscope  and 
transmission  electron  microscope  images  demonstrate  that  both  vanadium  phosphate  (VP04/C)  and 
LiVP04F/C  composites  have  a  very  flat  sheet-like  morphology,  with  each  nanosheet  exhibiting  a  smooth 
surface  and  a  typical  thickness  of  50-100  nm.  The  nanosheets  are  coated  by  a  uniform  layer  of  amor¬ 
phous  carbon.  Electrochemical  tests  show  that  LiVP04F  nanosheets  deliver  a  discharge  capacity  of 
143  mAh  g-1  at  0.1  C  in  the  range  of  3.0— 4.5  V  at  the  first  cycle  and  possess  a  favorable  capacity  at  rates  of 
0.5, 1,  2,  3  and  5  C. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  vanadium  fluorophosphate  (LiVP04F),  a  novel  4  V 
cathode  material  with  a  theoretical  capacity  of  156  mAh  g-1,  was 
reported  by  Barker  et  al.,  in  2003  [1].  Considering  its  excellent  rate 
capability,  long  cycle  life,  safety,  high-energy  density,  and  high 
voltage  in  lithium-ion  cells,  LiVP04F  is  a  potential  alternative  to  the 
commonly  used  LiCo02  [1—6].  LiVP04F  is  usually  synthesized 
through  conventional  one  or  two-step  solid  reactions  [1-4,7-10], 
the  sol-gel  method  [11,12],  or  chemical  lithiation  and  post¬ 
annealing  [13,14].  Results  indicate,  however,  that  high-purity  LiV- 
P04F  samples  are  very  difficult  to  obtain  [6,7,10,12-14].  High-purity 
is  a  crucial  element  influencing  electrochemical  performance  and 
cyclic  stability  [11,15].  Moreover,  the  electronic  conductivity  of 
LiVP04F  is  low,  although  better  than  that  of  traditional  phosphates, 
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such  as  LiFeP04,  LiMnP04  and  LiV0P04  [16].  Thus,  exploration  of 
novel  synthesis  approaches  to  overcome  the  difficulties  described 
above  is  needed.  In  the  present  work,  the  synthesis  of  high-purity 
LiVP04F/C  nanosheets  with  a  uniform  carbon  coating  using  a 
novel  hydrothermal  method  is  presented,  and  the  properties  of 
these  nanosheets  are  investigated. 

2.  Experimental 

VP04  nanosheets  were  prepared  through  a  hydrothermal 
method.  Stoichiometric  amounts  of  V2O5  (AR,  >99.0%),  NH4H2P04 
(AR,  >99.0%),  and  citrate  (AR,  >99.0%)  were  mixed  in  deionized 
water  with  continuous  stirring  under  80  °C  for  2  h.  The  pH  of  the 
solution  was  adjusted  to  7  using  ammonia  water.  The  mixed  solu¬ 
tion  was  then  transferred  into  a  100  mL  Teflon  vessel,  sealed  in  an 
autoclave,  and  hydro  thermally  treated  at  250  °C  for  20  h.  A  yellow 
precipitate  was  obtained.  The  amorphous  V-P04  precursor  was 
washed  in  deionized  water  several  times  and  dried  in  an  oven  at 
80  °C.  The  synthesis  of  amorphous  V-PO 4/C  composites  is  sche¬ 
matically  illustrated  in  Fig.  1. 
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Fig.  1.  Schematic  illustration  of  synthesis  process  for  amorphous  V-PO4/C. 


To  prepare  UVPO4F  nanosheets,  stoichiometric  amounts  of 
VPO4  (annealed  at  725  °C  for  4  h  under  an  Ar  atmosphere  before 
mixing  with  other  components)  and  LiF  (AR,  >99.0%)  were  mixed 
in  an  agate  mortar  and  subsequently  heated  at  625  °C  for  30  min 
under  an  Ar  atmosphere.  UVPO4F/C  nanosheets  were  finally 
obtained. 

Powder  X-ray  diffraction  (XRD)  (Rint-2000,  Rigaku)  mea¬ 
surement  using  Cu  Ka  radiation  was  utilized  to  identify  the 
crystalline  phases  of  the  synthesized  materials.  The  valence  state 
of  vanadium  in  the  prepared  precursor  was  determined  using  an 
X-ray  photoelectron  spectrometer  (XPS,  Kratos  Model  XSAM800) 
equipped  with  a  Mg  Ka  achromatic  X-ray  source  (1235.6  eV).  The 
samples  were  observed  using  a  scanning  electron  microscope 
(SEM;  JEOL,  JSM-5600LV)  and  a  Tecnai  G12  transmission  electron 
microscope  (TEM).  Elemental  carbon  analysis  was  performed 
using  C-S  analysis  equipment  (Eltar,  Germany).  Sample  contents 
were  analyzed  by  inductively  coupled  plasma  emission  spec¬ 
troscopy  (ICP,  IRIS  Intrepid  XSP,  Thermo  Electron  Corporation). 

Electrochemical  characterization  was  performed  using  a  CR2025 
coin-type  cell.  Typical  positive  electrode  loadings  ranged  from 
2  mg  cm-2  to  2.5  mg  cm-2,  and  an  electrode  with  a  diameter  of 
14  mm  was  used.  For  positive  electrode  fabrication,  the  prepared 
powders  were  mixed  with  10%  carbon  black  and  10%  poly- 
vinylidene  fluoride  in  N-methyl  pyrrolidinone  until  a  slurry  was 
obtained.  The  blended  slurries  were  then  pasted  onto  an  aluminum 
current  collector,  and  the  electrode  was  dried  at  120  °C  for  12  h  in 
Ar.  The  test  cell  consisted  of  the  positive  electrode  and  a  lithium  foil 
negative  electrode  separated  using  a  porous  polypropylene  film 
and  1  mol  L-1  LiPF6  in  EC,  EMC,  and  DMC  (1:1:1  v/v/v)  as  the 
electrolyte.  Cell  assembly  was  carried  out  in  a  dry  Ar-filled  glove 
box.  Electrochemical  tests  were  conducted  using  an  automatic 
galvanostatic  charge-discharge  unit  and  NEWARE  battery  cycler. 
Cyclic  voltammetric  measurements  were  performed  with  a 
CEII660D  electrochemical  analyzer. 
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Fig.  3.  XRD  patterns  for  (a)  amorphous  V-PO4/C;  (b)  VPO4/C;  (c)  LiVP04F/C. 
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2.  0  ran  Carbon  layer 


Fig.  4.  (a),  (b)  SEM  images  of  amorphous  V-P04/C;  (c)  SEM  image  of  VP04/C;  (d)  TEM  image  of  VPO4/C;  (e),  (f)  SEM  image  of  LiVP04F/C;  (g)  TEM  image  of  LiVP04F/C. 


3.  Results  and  discussion 

The  vanadium/phosphate  (V/P)  molar  ratio  of  the  dried  yellow 
solid  at  80  °C  is  1.01,  as  determined  by  ICP,  which  confirms  the 
stoichiometry  of  V/P  species.  XPS  spectra  of  the  V-PO4  precursor 
and  synthesized  UVPO4F  samples  are  illustrated  in  Fig.  2.  The 
binding  energy  (BE)  values  of  V2p  in  the  V-PO4  precursor  (syn¬ 
thesized  LiVP04F)  are  517.3  (517.3)  eV  and  524.8  (524.7)  eV,  cor¬ 
responding  to  the  energy  levels  V2p3/2  and  V2pi/2,  respectively 
(Fig.  2).  Spin  orbit  coupling  induces  V2p  to  split  [6].  The  BE  of  V2p3/2 
of  the  samples  matches  values  observed  in  UVPO4F  (517.0  eV)  [13] 
and  V2O3  (517.3  eV)  [21]  well;  this  finding  indicates  that  the 
oxidation  state  of  vanadium  is  +3. 

Fig.  3a  shows  the  XRD  pattern  of  a  sample  hydrothermally 
heated  at  250  °C  for  20  h.  No  diffraction  peaks  are  present  in  Fig.  3a, 


which  indicates  that  the  synthesized  sample  is  amorphous.  After 
calcination  at  about  725  °C  for  4  h,  the  compound  shows  a  series  of 
diffraction  peaks  in  its  XRD  pattern,  as  shown  in  Fig.  3b.  The  crystal 
structure  is  identified  to  be  monoclinic  VPO4  structure,  consistent 
with  a  previous  report  [17].  The  XRD  pattern  of  the  synthesized 
UVPO4F  sample  is  shown  in  Fig.  3  c;  all  of  the  peaks  can  be  indexed  to 
a  triclinic  structure.  No  diffraction  peaks  were  identified  as  LiF,  U3V2 
(PC>4)3,  or  other  impurities,  which  indicates  that  the  synthesized 
UVPO4F  is  pure.  These  results  are  better  than  those  previously  re¬ 
ported  [6,7,10-14  .  The  amounts  of  carbon  in  the  VPO4/C  and  LiV- 
PO4F/C  samples  are  4.78  and  3.97  wt%,  respectively,  as  determined 
by  C-S  analysis.  The  carbon  in  the  composite  was  not  detected  by 
XRD,  which  indicates  that  the  residual  carbon  is  amorphous. 

Fig.  4a  and  b  shows  SEM  images  of  the  amorphous  V-PO4.  The 
amorphous  V-PO4  microspheres  are  made  of  nanosheets  with 
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Fig.  5.  (a)  Charge/discharge  performance  of  LiVP04F  at  different  rate;  (b)  cycle  performance  of  LiVP04F  at  0.1  C,  0.5  C,  1  C,  2C,  3  C,  5  C;  (c)  cyclic  voltammogram  recorded  for  LiVP04F 
at  a  scan  rate  of  0.1  mV  s-1. 


thicknesses  ranging  from  50  nm  to  100  nm  (Fig.  4b).  Fig.  4c  and 
d  shows  SEM  and  TEM  images,  respectively,  of  VPO4/C  calcined  at 
725  °C  for  4  h.  The  sample  maintains  the  nanosheet  shape,  and  the 
staggered  nanosheets  are  uniformly  encapsulated  in  the  carbon 
shell  with  a  thickness  of  about  3  nm.  The  lattice  fringe  of  VPO4  with 
an  interplanar  spacing  of  0.33  nm  corresponds  to  the  (0  2  1)  lattice 
plane.  Fig.  4e  to  g  show  the  SEM  and  TEM  images  of  the  synthesized 
LiVP04F,  which  also  maintains  the  shape  of  nanosheets.  The  LiV- 
PO4F  nanosheets  obtained  are  not  agglomerated,  and  interspaces 
between  the  sheets  are  preserved.  The  nanosheet  surfaces  are 
coated  by  a  uniform  carbon  layer  with  a  thickness  of  about  2  nm. 
Crystal  planes  with  a  d-spacing  of  0.477  nm  correspond  to  the  (1 
0  0)  plane  of  triclinic  LiVPC^F. 

Nanomaterials  provide  short  diffusion  pathways  for  lithium-ion 
insertion  or  extraction  from  host  materials,  large  specific  surface 
areas  can  afford  more  active  intercalation  sites  [18-20].  The  LiV- 
PO4F  nanosheets  not  only  shorten  the  transport  path  of  Li+  but  also 
increase  the  electrode  and  electrolyte  contact  areas,  which  may 
result  in  excellent  electrochemical  performance. 


Fig.  5a  shows  the  charge/discharge  curves  of  Li/LiVP04F  cells  at 
different  rates.  The  initial  discharge  capacity  is  143.1  mAh  g-1  with 
a  plateau  at  4.17  V  vs.  Li/Li+  and  0.1  C,  which  is  about  91.6%  of  the 
theoretical  capacity  (156  mAh  g-1).  The  discharge  capacity  is 
maintained  at  138.9  mAh  g-1  after  50  cycles,  which  is  about  97.06% 
of  its  initial  discharge  capacity,  as  shown  in  Fig.  5b.  At  higher 
discharge  rates  of  0.5, 1,  2,  3,  and  5  C,  the  cell  delivers  a  capacity  of 
137.6,  124.7,  116.6,  107.9,  and  104.2  mAh  g~\  respectively.  The 
electrochemical  performance  of  the  prepared  LiVPCUF  is  better 
than  that  reported  by  other  researchers,  as  seen  in  Table  1.  This 
excellent  electrochemical  performance  is  attributed  to  the  nano¬ 
sheet  morphology  of  LiVPC^F,  which  can  provide  more  active  sites, 
short  diffusion  distances,  and  good  contact  between  the  active 
material  and  electrolyte.  The  unique  nanostructure  and  uniform 
carbon  coating  of  the  material  facilitate  effective  lithium  insertion 
and  extraction.  No  other  plateaus  are  observed  in  the  charge/ 
discharge  curves.  The  current  findings  are  consistent  with  the  XRD 
measurements  but  different  from  results  previously  reported 
[6,7,9,12-14]. 
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Table  1 

Comparison  on  electrochemical  properties  of  LiVP04F/C  in  this  work  and  that  in 
other  reports. 


Samples 

Initial 
discharge 
capacity 
(mAh  g"1) 

Discharge 
capacity 
(mAh  g"1) 

Cyclic  performance 
(mAh  g"1) 

LVPF  in  Ref.  [6] 
LVPF  in  Ref.  [7] 
LVPF  in  Ref.  [11] 
LVPF  in  Ref.  [12] 
LVPF  in  this  work 

123  at  0.12  C 

132  at  0.1  C 
130.6  at  0.1  C 

134  at  0.1  C 
141.3  at  0.1  C 

106  at  0.92  C 

118  at  1  C 

127  at  1  C 
124.7  at  1  C 

121  at  0.1  C  after  12  cycles 

124  at  0.1  C  after  50  cycles 

124  at  0.1  C  after  30  cycles 

125  at  0.1  C  after  30  cycles 
138.9  at  0.1  C  after  50  cycles 

Cyclic  voltammograms  were  recorded  with  Li  metal  as  the 
counter  and  reference  electrodes  in  the  voltage  range  of  3.0-4.6  V 
at  a  scan  rate  of  0.1  mV  s-1  and  room  temperature,  as  shown  in 
Fig.  5c.  Redox  peaks  for  Lii_xVP04F  (4.25  and  4.35  V  for  oxidation 
peaks,  and  4.17  V  for  the  reduction  peak)  with  slight  polarization 
are  observed  in  the  1st,  2nd,  and  50th  curves,  consistent  with  the 
charge/discharge  tests.  Fig.  5c  shows  that  the  positions  of  redox 
peaks  change  minimally  after  50  cycles,  indicating  slight  polariza¬ 
tion  and  good  cycling  performance.  Two  peaks  may  be  attributed  to 
deintercalation  of  Lii_xVP04F,  while  one  peak  is  attributed  to  its 
intercalation.  Extraction  from  two  different  Li+  sites  requires 
different  energies,  but  all  Li+  cations  tend  to  take  over  only  one  Li+ 
site  during  insertion.  This  insertion  process  is  identical  to  that 
previously  reported  in  the  literature  [1,7]. 

4.  Conclusions 

Fligh-purity  LiVPC^F/C  was  synthesized  via  a  hydrothermal 
method  followed  by  calcination.  SEM  and  TEM  images  demonstrate 
that  VP04/C  and  LiVP04F/C  microspheres  are  composed  of  nano¬ 
sheets  with  a  uniform  carbon  coating.  Electrochemical  tests 
showed  that  LiVPC^F  nanosheets  deliver  excellent  electrochemical 
performance,  which  was  attributed  to  the  unique  nanostructure 
and  uniform  carbon  coating  of  the  material.  Synthesizing  high- 


purity  LiVP04F/C  nanosheets  with  a  uniform  carbon  coating  pre¬ 
sents  a  novel  method  for  improving  the  electrochemical  perfor¬ 
mance  of  batteries. 
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